Nanotherapeutics commonly utilizes small-molecule drugs, peptides, proteins, and nucleic acids loaded in nano-scale carriers such as nanoparticle (NP) made of organic polymers, inorganic particles, biological lipids, and so on. NPs are uptaken into a cell known as endocytosis procedure, while free drugs typically pass through the membrane unless they are kicked out of the cell by efflux pump mechanism[@b1][@b2]. Enhanced cellular uptake and transport of NPs through the cell membrane driven by synthetic or biologically-modified molecules is of intense interest[@b3]. Some natural materials such as cell-penetrating or cell-fusogenic peptides promote cell penetration efficiently[@b4][@b5]. However, synthetic NPs are typically trapped in the endosome because of that endocytosis procedure by which sub-membranes are formed. This procedure thus inherently inhibits deep penetration of NPs into the cytosol[@b6][@b7]. Nonetheless, since the cellular uptake pathway of NP is different from that of free drugs, NP-mediated nanotherapeutics has a great potential to overcome the adverse effects of free drugs such as multi-drug-resistance or undiscerning-selectivity to cancers, and so on[@b8]. With improved pharmacokinetics and pharmacodynamics, the therapeutics loaded in NP can be safer and more effective compared with free drugs[@b9]. In addition, passive tumor-targeting naturally utilizes the irregularity and the leakiness of tumor vasculature, which is beneficial for NP accumulation in the tumor area (enhanced permeation and retention effect)[@b10][@b11]. However it still remains unknown how NPs move through tumor tissues once they are localized in a tumor area and how they carry the drug molecules into tumor cells before releasing[@b12]. Therefore, modification of endocytosis procedure and single-cell level tracking of the nanotherapeutics are fundamentally needed.

NPs enter cells through endocytosis: phagocytosis for the uptake of large particles and pinocytosis for fluids and solutes[@b13][@b14]. Since NPs have a high surface-to-volume ratio due to their small size, effective control of NP surface is also critical for targeted applications[@b15][@b16][@b17]. A neutral ligand such as poly(ethylene glycol) (PEG) resist protein adsorption and reduce nonspecific endocytosis uptake[@b18][@b19]. On the other hand, cationic particles advantageously bind to anionic functional groups on a cell surface (e.g., sialic acid)[@b20] and translocate across the plasma membrane through a clathrin-mediated uptake pathway[@b21]. Then, neutral and negatively charged NPs are expected to be less efficiently adsorbed and uptaken by a negatively charged cell membrane[@b22]. However, the cellular uptake of negatively charged NPs is also high through strong and nonspecific interactions with the plasma membrane[@b23][@b24][@b25][@b26][@b27]. Concentration and spatial configuration of the ligand molecules[@b13], charge density[@b14] and additional functional group introduction[@b28] on a NP surface affect the cellular uptake processes. Therefore, cellular interaction of NP is not that simple enough to set-up the universal rules.

Here, we develop characteristic Spacer molecules binding anticancer drug molecules on a gold NP (AuNP) and investigate cellular uptake efficiency and spatial distributions of AuNPs in a cancer cell. Due to high X-ray absorption ability and unique photo-physical properties of Au element, AuNPs in a cell are tracked by X-ray imaging and wavelength-controlled two photon microscopy without additional dye molecule or imaging agent introduction. By this way, cellular interaction of molecules introduced on an AuNP is effectively compared without complication by additional molecular interactions. Single-cell level *in-vitro* analysis of drug-conjugated AuNPs is investigated in terms of incorporation efficiency and spatial distribution in a cell according to the designed Spacer molecules. The *in-vitro* drug efficiency is extended to *in-vivo* tumor model to elucidate the drug efficacy relation in a cell and collective tumor tissues.

Results
=======

Spacer molecule design for anticancer drug (Doxorubicin, DOX)−conjugated AuNPs
------------------------------------------------------------------------------

To investigate cellular uptake behavior and drug efficacy of NP therapeutics in a cell, we design five thiol-linked Spacers I to V ([Fig. 1a](#f1){ref-type="fig"}) tethering apoptotic anticancer drug, Doxorubicin (DOX) on the surface of the negatively-charged AuNP 1 and positively-charged AuNP 2 ([Fig. 1b](#f1){ref-type="fig"}), respectively. The chemical structure of the spacer molecules linked to the anticancer drug is displayed in [Fig. 1a](#f1){ref-type="fig"}. The amine group of DOX is linked to the carboxyl group of each spacer molecule, forming a peptide linkage. Spacer I is bulky and hydrophobic, whereas Spacer II is linear and hydrophobic. Spacers III and IV are composed of hydrophilic PEG molecules with different molecular weights. Spacer V is amphiphilically composed of hydrophobic Spacers II and hydrophilic Spacer III in a 1:1 molar ratio. For all the designed AuNPs, the number of DOX-tethered spacer on each AuNP is controlled at approximately 1×10^3^ DOX/AuNP ([Supporting Information](#s1){ref-type="supplementary-material"}). After the DOX-tethered spacer is attached, the remaining active sites on the AuNP surface are occupied by charged molecules with anionic (--CH~2~COOH, AuNP 1 series) and cationic (--C~5~H~4~N~5~, AuNP 2 series) functionalities as summarized in [Fig. 1b](#f1){ref-type="fig"}. The surface charge of AuNP is beneficial for adsorption onto the cell, while the designed Spacers are expected to modify the pathways through which NPs penetrate the cell membrane bringing DOX into a cell.

Four control systems and ten designed AuNPs are compared in [Figure 2](#f2){ref-type="fig"}. The control systems include free DOX, charge-only AuNP 1 and AuNP 2, as well as PEG 5000-only AuNP. Free DOX and PEG 5000-only AuNPs have no apparent charge, whereas AuNP 1 and AuNP 2 exhibit prominent charge. The ζ-potential of DOX-tethered AuNPs become partially neutralized, except Spacer I. The degree of DOX-tethered Spacer introduction on an AuNP may not be directly proportional to the ζ-potential change, but rather affect the physical properties including the electrophoretic mobility of the AuNPs and hydrodynamic properties. The surface-modification of each AuNP and drug loading efficiency is confirmed by fluorescence and UV-vis spectrum ([Supporting information, Fig. S1](#s1){ref-type="supplementary-material"}).

AuNP incorporation into a cancer cell
-------------------------------------

The amount of AuNPs incorporated in adenocarcinomic human alveolar basal epithelial cancer cell (A549) is quantitatively analyzed at the designed time points using energy dispersive X-ray spectroscopy (EDXS) combined with scanning electron microscopy (SEM). The representative EDXS results are provided in [Fig. S2](#s1){ref-type="supplementary-material"} and typical SEM images of each AuNP-incorporated system are provided in [Fig. S3](#s1){ref-type="supplementary-material"}. The typical proliferation time for A549 is approximately 24 h. Therefore, within the designed time points in this study (\<12 h) and with the appropriate concentration of employed AuNP solution, the dilution of the AuNP into the divided cells is minimized. To compare cellular uptake efficiency of the designed AuNPs, the temporal variation of Au wt% in all the designed systems is graphically displayed in [Fig. 3](#f3){ref-type="fig"}. Each point in the graph is averaged from ten cases after excluding the maximum and the minimum with the deviation within ±10%, which is not shown on the graph for clear presentation. The time-dependent maximum Au wt% incorporated in a cell is summarized in [Fig. 2](#f2){ref-type="fig"} (also in [Fig. S4](#s1){ref-type="supplementary-material"} for charge only AuNP 1 and AuNP 2). The results exhibit characteristic patterns according to the Spacer type and charge, implying that the cellular interactions of the designed AuNPs are dominated by the Spacer molecules. The hydrophobic Spacer is expected to be beneficial to pass through the membrane of a hydrophobic barrier. Au wt% of AuNP 1-I and AuNP 2-I is maximized at 180 min and then gradually decreased. The maximum value of AuNP 1-I is higher than that of AuNP 2-I. AuNP 1-II and AuNP 2-II also exhibit a maximum, where the maximum Au wt% of AuNP 1-II is higher and faster than that of AuNP 2-II. Hydrophobic Spacers display maximum AuNP incorporation at a certain time. In that point, bulky hydrophobic Spacer I displays higher maximum at faster time than those of linearly hydrophobic Spacer II for both anionic AuNP 1 and cationic AuNP 2.

PEG-conjugated AuNP 1-III and AuNP 1-IV have relatively low Au wt% with some fluctuations. Despite these fluctuations, the maximum Au wt% of the cationic AuNP 2 series is slightly higher than that of anionic AuNP 1 series, while the molecular weight effect of PEG is relatively negligible. The stealth function of PEG can inhibit cellular uptake, nonetheless effective interaction of cationic AuNP 2 with a cell membrane may help to obtain higher Au wt% in the AuNP 2 series over that of AuNP 1 series. Randomly fluctuating Au wt% of the PEG-conjugated AuNPs implies that the AuNP--cell interaction is far from an energy-consuming endocytosis. On the other hand, amphiphilically combined Spacer V shows unique temporal variation different from the original Spacers II and III. Combined with either AuNP 1 or AuNP 2, amphiphilically combined Spacer V exhibits low Au wt% at the initial stage but continuous increase along with time. The increase rate of Au wt% (the slope of the graph) of AuNP 1-V is slightly higher than that of cationic AuNP 2-V. The Spacer molecule mainly determines the overall pattern, modulating the cellular uptake process. Whereas the surface charge on an AuNP determines the maximum Au wt% and the time to reach that point, possibly controlling the adsorption/desorption of the AuNPs with the cell.

As displayed in [Fig. 2](#f2){ref-type="fig"}, there are size distributions of the designed AuNPs in this study. Size and surface modification of the polymeric nanomaterials are reported to be important for cellular uptake[@b29][@b30]. All the AuNPs designed in this study have Au core size of 20 nm in diameter. Compared with the charge-only AuNPs arranged as AuNP 1 and AuNP 2, because of the high molecular weight of the designed Spacers and introduced DOX, the hydrodynamic size (D~H~) of the Spacer-linked AuNPs measured in de-ionized water exhibits broad ranges from hundreds to thousands of nm. Especially the bulky hydrophobic Spacer-linked AuNP 1-I and AuNP 2-I show high D~H~ values than other Spacers. On the other hand, PEG 1000- and PEG 5000-conjugated AuNPs express relatively small differences. The D~H~ of the AuNP is also strongly dominated by the designed Spacers, reflecting characteristic molecular interactions under an environmental condition.

Three-dimensional (3D) spatial distributions of the AuNPs in a cell
-------------------------------------------------------------------

To visualize differentiated AuNP incorporation efficiency and their spatial distribution in a cell at the maximum AuNP uptake condition (the peak time in [Fig. 2](#f2){ref-type="fig"} and [Fig. 3](#f3){ref-type="fig"}), consecutively recorded longitudinal depth profile images are obtained by two-photon microscopy (TPM) in [Fig. 4](#f4){ref-type="fig"} (also in [Fig S5](#s1){ref-type="supplementary-material"}). The size of each image is 50 μm × 50 μm. A representative scale bar is on the image whose size is 10 μm. Four sets of the control images are arranged in [Fig. 4a](#f4){ref-type="fig"}. The top line images of [Fig. 4a](#f4){ref-type="fig"} are optical images color-scaled according to the signal intensity. The middle line images are obtained at the wavelengths shorter than 540 nm and green-colored against black background. Meanwhile, the bottom line images are obtained at the wavelengths longer than 540 nm and red-colored against black background. The images of AuNP 1 and AuNP 2 are detected exclusively at the wavelengths shorter than 540 nm. Meanwhile, the A549 cells with and without DOX are exclusively captured at the wavelength longer than 540 nm by their autofluorescence ([Supporting Information](#s1){ref-type="supplementary-material"}). Therefore, we confirm that controlled wavelength can reduce the autofluorescence of cancer cells and exclusively locate the AuNPs in a cell, maximizing the image quality.

[Fig. 4b and 4c](#f4){ref-type="fig"} display a series of designed Spacer-linked AuNP-incorporated cell images. The upper line images in [Fig. 4b and 4c](#f4){ref-type="fig"} are AuNP-only images obtained at the wavelengths shorter than 540 nm (i). The cell-only images at longer than 540 nm wavelengths are red-colored against black background (ii). The lower row in [Fig. 4b and 4c](#f4){ref-type="fig"} display the combined images of (i) and (ii), to locate the AuNPs in a cell. In [Fig. 4b](#f4){ref-type="fig"}, TPM images of the AuNP 1 series are arranged. AuNP 1-I is broadly dispersed throughout the cell, whereas the AuNP 1-II is rather concentrated at a specific depth of the cell (approximately 4 μm from the surface). By contrast, PEG-conjugated AuNP 1-III and AuNP 1-IV do not have enough AuNPs that can be detected by TPM. The amphiphilic AuNP 1-V is relatively well dispersed throughout the cell and is also intensively concentrated at a specific depth in a cell (between 2 and 4 μm). In contrast to the AuNP 1 series, all the AuNP 2 series in [Fig. 4c](#f4){ref-type="fig"} have detectable AuNPs. Relatively higher amounts of AuNP 2-I and AuNP 2-II and relatively smaller amount of AuNP 2-III and AuNP 2-IV are concentrated in the specific depths of each cell. The amphiphilic AuNP 2-V is broadly dispersed throughout a cell with more intense concentration at a specific depth of a cell.

The obtained TPM images reflect the AuNP incorporation efficiency corresponding to the EDXS results. Each Spacer induces a spatial distribution of AuNPs in a cell characteristically. AuNPs having hydrophobic Spacers are effectively incorporated into the cells. Whereas the PEG-tethered Spacers are less effectively incorporated and/or localized in a cell. The amphiphilic Spacer generates broadly dispersed AuNPs in a cell and simultaneously concentrated at a specific layer of a cell.

Incorporation efficiency and spatial distribution of AuNPs in a cell at the initial stage (less than 30 min)
------------------------------------------------------------------------------------------------------------

To compare the designed AuNP interaction with the cell at fixed time duration, Au wt% at 10, 20 and 30 min treatment obtained by the EDXS are graphically summarized in [Fig. 5a](#f5){ref-type="fig"}. From the AuNP incorporation results at this relatively short time duration, the cellular interaction of the designed AuNPs at the initial stages are compared. Even for this short time duration, AuNP incorporation is characteristically differentiated by the Spacer molecules. The results are different from the fully-equilibrated Au wt% compared in [Fig. 3](#f3){ref-type="fig"}. AuNP 1-II displays prominently high incorporation in the cell at the given time. Overall, cationic AuNP 2 series exhibit relatively effective AuNP incorporation than anionic AuNP 1 series.

The representative zone-plate X-ray nanoscopy (XN) images are displayed in [Fig. 5b](#f5){ref-type="fig"} ([Supporting Information](#s1){ref-type="supplementary-material"}). AuNP locations in a unit-cell scale are displayed at a fixed AuNP-treatment of 30 min. XN is sensitive to detect small amount of AuNPs in a cell *in-situ* contrasting high X-ray absorption of AuNP versus X-ray transparency of cells, as well as phase contrast[@b31][@b32]. The dotted circles on each image highlight typical locations of the AuNPs in a cell. The XN image of AuNP 1-I is mainly located near the cell membrane. AuNP 1-II is highly incorporated inside the cell and also found at the membrane. Only a few AuNP 1-III and AuNP 1-IV are incorporated in the cells. AuNP 1-V is dispersed broadly inside the cell including the cytosol and the nucleus even though the amount is not much. For the cationic AuNP 2 series, the AuNP 2-I and AuNP 2-II are concentrated in the nucleus and also in the cell membrane. Majority of AuNP 2-III and AuNP 2-IV are trapped near the membrane and only some enter the cell. Most AuNP 2-V is concentrated in the nucleus.

In addition to the diversified Au wt% at the given time, the spatial distribution of the designed AuNPs in a cell is characteristic. Depending on the molecular structure of the Spacers conjugated to DOX and charges on AuNP surface, the incorporation pattern and the amount of AuNPs are diversified. At the initial stage of the AuNP incorporation occurring within 30 min-treatment, some AuNPs successfully reach deep into the cytosol and the nucleus. For both cationic and anionic AuNPs, hydrophobic and amphiphilic Spacers are advantageous for deep incorporation of AuNPs in a cell. With cationic surface charge of AuNP, PEG molecules generate a relatively strong interaction with the cell membrane, which allows AuNPs to be trapped in the cell membrane but not to be uptaken. Amphiphilic Spacers are advantageous for cellular uptake reaching nucleus.

*In-vitro* drug efficacy of the designed AuNPs
----------------------------------------------

The *in-vitro* efficacy of DOX-tethered AuNPs is evaluated by fluorescence-activated cell sorting (FACS), discriminating dead to live cell ratio. The results of selected AuNP 1-V and AuNP 2-V are displayed in [Fig. 6a](#f6){ref-type="fig"} together with the control systems of PEG 5000-only AuNP and free DOX. The results of all the designed AuNPs are provided in [Fig. S6](#s1){ref-type="supplementary-material"}. The cell viability of each system is examined at 10, 30, 60, and 120 min. At 10 min, all the systems are observed to have two types of cells due to the existence of live cells. The fluorescence intensity of the standard live cells are marked by a vertical dotted line in each graph, which is the positional baseline. The cell fluorescence intensity characteristically decreases by the contribution of the dead cells (wherein the AuNP effect is avoided; data not shown). The relatively high fluorescence intensity of PEG 5000-only AuNP reflects less toxicity to the cell. The intensity of free DOX decreases more significantly than that of the PEG 5000-only AuNPs, especially after 2 h. From 30 min, the DOX-conjugated AuNP 1-V and AuNP 2-V exhibit a single peak with significantly decreased intensity lower than that of free DOX.

For clearer comparison, the normalized dead cell ratio is quantitatively provided in [Fig. 6b](#f6){ref-type="fig"}. The dead cell ratio is estimated from the inverse value of the cell fluorescence intensity ([Supporting Information](#s1){ref-type="supplementary-material"}). Based on the control systems, the dead cell ratio of the designed AuNPs becomes prominently high in a shorter time than that of free DOX. This result supports the hypothesis that designed AuNPs effectively deliver DOX penetrating cancer cells followed by rapid deployment of DOX. The whole procedure is more effective than the efficacy of free DOX. Depending on the Spacers, the dead cell ratio of both AuNP 1 and AuNP 2 becomes higher by the sequence: Spacer V \> Spacer I (AuNP 2) & II (AuNP 1) \> Spacer III \> Spacer IV.

Cellular uptake efficiency vs. *in vitro* drug efficacy
-------------------------------------------------------

[Fig. 6c](#f6){ref-type="fig"} compares the relation between the amount of incorporated AuNPs and the efficacy of the released DOX evaluated by EDXS and FACS as a function of time (reproduced from [Fig. 3](#f3){ref-type="fig"} and [Fig. 6b](#f6){ref-type="fig"}). The designated time points are 30, 60, and 120 min, excluding the result of 10 min because of the dual distribution of the cells. The temporal variations of Au wt% obtained from the EDXS results (top graph) are fluctuated in some systems. However, the dead cell ratio obtained from the FACS results (bottom graph) increases with time in all the systems. By the increase in the DOX-conjugated AuNP incorporation, the detected Au wt% and the dead cell ratios can be enhanced together. However, when the stepwise procedure of AuNP incorporation and the DOX deployment is complicated, Au wt% is not directly proportional to the dead cell ratio at the given time duration. For Spacer I, both the incorporated AuNPs (EDXS) and the dead cell ratio (FACS) increase together with time. The drug efficacy of AuNP 1-I seems to be more effective than AuNP 2-I, because AuNP 1-I shows higher dead cell ratio even with lower Au wt% than that of AuNP 2-I. For Spacer II, AuNP 1-II initially exhibits high Au wt% and then decreases, while the dead cell ratio continues to increase. Therefore, the release of the DOX detached from the AuNP 1-II seems to be delayed compared with the AuNP incorporation rate into the cell. By contrast, AuNP 2-II continuously increases the dead cell ratio with time. This indicates similar release rate of DOX followed by its apoptotic efficacy with AuNP incorporation rate at the given time. PEG-conjugated AuNP 1-III increases the dead cell ratio with time, even with small amount of uptaken AuNPs. AuNP 2-III shows fluctuating Au wt%, however the dead cell ratio continues to increase. Even though the interaction of PEG-linked AuNPs with the cell is unstable either by metabolic cycles of the cell itself or by the reversible adsorption/desorption procedure of NPs, DOX efficacy is detectable. The cellular uptake rate of PEG-linked AuNPs and DOX deployment might follow independent pathway. The AuNPs with Spacer IV display low dead cell ratios than that of Spacer III. This reflects that higher molecular weight PEG is not favorable for drug efficacy than that of lower molecular weight PEG, which might be caused from the increased stealth function. A slightly higher Au wt% of AuNP 2-IV increases the dead cell ratio more effectively than AuNP 1-IV. The Au wt% of Spacer V is low at the initial stage, but it significantly increases the dead cell ratio with time. This result indicates that efficacy of the released DOX is effectively fast. In terms of the time-dependent increase rate of the dead cell ratio (the slope of the graph), the amphiphilically combined Spacer V is most effective.

*In-vivo* drug efficacy in zebrafish cancer model
-------------------------------------------------

To evaluate *in-vivo* efficacy of the designed AuNPs, zebrafish (flkl: EGFP) model is employed. Compared with other vertebrate model system, zebrafish model provides amenability of *in-vivo* experiment and drug administration. Zebrafish possesses a complex circulatory system similar to that of mammals and an optical transparency which is beneficial for time-dependent *in-vivo* observation in *in-situ* condition. In addition, fast drug efficacy can be evaluated conveniently due to its fast metabolism and short life-cycle. Red fluorescence-labeled A549 treated with designed AuNPs, free DOX or PBS solutions are injected (1000 cells/embryo) into the perivitelline space of yolk in Tg (flk1:EGFP) zebrafish embryos of four-day-post-fertilization. The formed neoplasia is obviously protruded from abdomen of the zebrafish. Vessel formations are also investigated by green fluorescence (extracellular matrix, EC). After injection, the results of 24, 48 and 72 h are arranged for the selected AuNP 1-V system, free DOX and PBS solution ([Fig. 7](#f7){ref-type="fig"}). Apparently, selected AuNP 1-V exhibits decreased tumor size detected by the decreased size and intensity of red fluorescence, which is especially prominent after 72 h. Meanwhile, in case of free DOX and PBS solution, the region of the tumor becomes larger or spreads into other organs as time goes on. In addition, the designed AuNP 1-V does not inhibit the neo-vessel formation which is one of the typical anticancer mechanisms. Therefore, the designed AuNP specifically enhances the apoptotic effect of the delivering drug, DOX employed in this study.

Discussion
==========

Our study demonstrates that high-resolution profiles of drug-conjugated NP distribution in single cells in a model tumor using X-ray nanoscopy and two-photon microscopy. Moreover, quantitative data can be either modeled to predict cumulative drug effects which can be further extrapolated to human settings to provide insights into drug action previously undetectable. The findings with drug-conjugated AuNPs in the present study demonstrate ubiquitous distribution of drugs virtually all cells in a tumor, rapid permeation to the nucleus with effectively designed Spacer molecules. There are a number of different models describing drug distribution and responses[@b33]. Although these models have been developed to incorporate delivery limitations or more complex pharmacodynamic measures, there is currently no method that incorporates the known cell-to-cell variability in cancer phenotypes, the heterogeneous nature of drug delivery and the variability of cellular responses. To reconcile the gap between the reported models and molecular pathways at the cellular level, we have related the single-cell-level *in-vitro* nanotherapeutics incorporation and its apoptotic action as well as drug efficacy in *in-vivo* tumor model. That is capable of providing insight into drug deployment from the nanoptherapeutics and response relationships at the single cell level further extending to responsiveness in collective tumor tissues. Few studies have been systematically elucidated on the relation between cellular interaction of the nanotherapeutics and the actual drug efficacy. Connecting the *in-vitro* and *in-vivo* results observed in this study, it is suggested that fast cellular uptake does not directly induce the fast effect of apoptotic drugs.

In terms of the molecular structure of the designed nanotherapeutics, the result validates that Spacer molecules are critically important to determine the AuNP behaviors in cancer cells *in-vitro* and *in-vivo*: the molecular structure of the Spacer molecule dominates the time-dependent cellular uptake pattern and spatial arrangement of AuNPs in a single cell and further their drug efficacy. Especially, the designed drug-conjugated NPs exhibit effective cellular uptake and faster drug efficacy compared with free drugs. By the effective cellular uptake procedure, the NPs are homogeneously distributed in the cells, reaching deep into the cytosol with a high loading efficiency. On the other hand, less efficient molecular design of the Spacers allows AuNPs (if there is any uptake) in the endosome or near the cell membrane with a low loading efficiency. With the designed Spacer molecules tethering drugs on the NPs, the cellular uptake process and the drug release/efficacy are diversified. Hydrophobic spacers are advantageous for an effective NP uptake followed by drug release at the short time duration. On the other hand, amphiphilically composed Spacers are beneficial for the continuous incorporation of NPs with time as well as high dead cell ratio per unit time. The magnitude and evolution of drug gradients are typically measured and subsequently modeled using imaging drugs. In this aspect, studies utilizing drug-conjugated NPs can be more versatile than conventional expectations. The results of drug-conjugated NPs can also be extrapolated to various other drug and drug candidates based on concentration−time profiles. Using image quantification based on the detected Au element, we find that intracellular drug concentrations will reach sufficiently high levels in cancer cells. Measuring drug concentrations by X-ray imaging at the single-cell level could be further expanded to other drug classes for example, various chemical therapeutics, siRNA, antibodies, proteins, other engineered cells.

Therefore, we confirm that NP-based molecular transport into a cell can be developed with a great potential to reduce yet-resolved adverse effects of anticancer drugs. We also suggest that this technology can be further developed for novel nanotherapeutics design and various NP-mediate therapeutic technologies.

Methods
=======

DOX-tethered surface-modified AuNPs
-----------------------------------

The average core size obtained by transmission electron microscopy (TEM) is approximately 20 nm for all the AuNPs. The concentration of standard AuNP stock solution (×1) is controlled at 1 mM of Au ([Supporting Information](#s1){ref-type="supplementary-material"}). The concentration of the standard AuNP solution is 2.4 × 10^12^ AuNPs/mL. Then the number of DOX per unit AuNP is controlled as 1.15 × 10^3^ DOX/AuNP. The carboxyl groups of the designed spacers are activated by *N*-hydroxysuccinimide and *N*,*N*′-dicyclohexylcarbodiimide. The activated acid is then reacted with the amine group of DOX. All the reaction mixtures are dialyzed against Milli-Q water for purification. For respective AuNP, the spacers containing 0.05 mg DOX (M~w~: 543.52, 9.2 ×10^−8^ mole DOX, 5.5×10^16^ DOX molecules) are introduced to a 20 mL standard citrate-covered AuNP stock solution (1 mmol·L^−1^ of Au). Then, the number of DOX per unit AuNP is controlled as 1.15×10^3^ DOX/AuNP. The completion of the reaction is confirmed by the absence of the thiol-containing DOX-conjugated spacers in the reaction solvent (confirmed by UV-vis spectrum and fluorescence, data is not shown). To the aforementioned DOX-conjugated AuNPs, negatively and positively charged thiol ligands are further introduced to modify the surface properties of the DOX-conjugated AuNPs: thioglycolic acid (SH-CH~2~COOH, designated as AuNP 1) and 6-thioguanine (SH-C~5~H~4~N~5~, designated as AuNP 2). The obtained AuNP solutions are purified by dialysis for more than 2 days. The detailed procedures are provided in [Supporting Information](#s1){ref-type="supplementary-material"}.

Cell preparation
----------------

A549 cells are cultured in RPMI-1640 medium containing 10% fetal bovine serum and 1% penicillin-streptomycin. A low-serum growth supplement containing 20% fetal bovine serum and 1% penicillin-streptomycin is also added. The cells are cultured in a humidified atmosphere with 5% CO~2~ at 37°C. A trypsin (0.25%)-EDTA solution is used to detach the cells from the culture flask. Detailed procedures are in [Supporting Information](#s1){ref-type="supplementary-material"}.

SEM−EDXS
--------

The cells are loaded onto a cover glass and then cultured for 24 h. Thereafter, the cells are treated with a series of surface-modified AuNPs for the designated time. The samples are fixed with 2.5% glutaraldehyde in Dulbecco\'s phosphate buffered saline for 20 min at room temperature, washed thrice with deionized water, and then air-dried. The samples are Ni-coated using a coater (Quorum Technology, SC7640 model). SEM images are captured using an XL30SFEG (Philips) SEM connected to an EDXS system at an acceleration voltage of 20 kV. SEM and EDXS measurements are performed using a XL30SFEG electron probe microanalyzer equipped with a Genesis System EDAX detector. The detailed procedures are described in [Supporting Information](#s1){ref-type="supplementary-material"}.

TPM
---

An upright microscope (BX51; Olympus) is used to perform TPM. The system is equipped with a Ti:sapphire femtosecond laser (Chameleon; Coherent) with a tuning range of 680 nm to 1020 nm. To generate the two-photon effect, the laser source is operated at 80 MHz repetition rate and 140 fs pulse width. The beam first passes through a half-wave plate and then through a polarizer for power control. The beam is expanded twice by passing it through a pair of plano-convex lenses, and then the expanded and excited light are passed through a resonant *x*-*y* scanner (counter rotation scanner, GSI Lumonics) operating at 8 KHz scanning speed. Details are provided in [Supporting Information](#s1){ref-type="supplementary-material"}.

Zebrafish preparation and cancer cell microinjection
----------------------------------------------------

Zebrafish is maintained in E3 embryo media (15 mM NaCl, 0.5 mM KCl, 1 mM MgSO~4~, 1 mM CaCl~2~, 0.15 mM KH~2~PO~4~, 0.05 mM Na~2~HPO~4~, 0.7 mM NaHCO~3~, 10--5% methylene blue; pH 7.4) containing 1-phenyl 2-thiourea (Sigma-Aldrich) to prevent pigmentation at 29°C. Red fluorescence labeled cancer cell pellet and matrigel (BD Biosciences) are mixed with 1/1 (vol/vol) at 4°C. To this call-gel mixture, doxorubicin or doxorubicin-tethered surface-modified AuNP solutions are mixed with 3/1 (vol/vol). This cell suspension mixture containing 1000 cells is loaded into a borosilicate glass needle and implanted into each zebrafish of 4 day-post-fertilization embryo through the yolk in a single injection by using an electronically regulated air-pressure microinjector (Eppendorf, FemtoJet express). After injection, zebrafish is washed once with E3 embryo media and examined the presence of fluorescent cells. Forty zebrafishes are selected and transferred to 24-well plate containing 1 mL of fresh E3 embryo media for photography. E3 embryo media is changed daily and maintained under normal fish husbandry conditions for 3 days. For the work with zebrafish, all the experiments were performed in accordance with relevant guidelines and regulations.
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![(a) Synthetic procedure of the Spacer molecules. (b) Synthetic procedure of the drug-conjugated and surface-modified AuNPs.](srep01997-f1){#f1}

![Hydrodynamic diameter (D~H~) and zeta (ζ)-potential of the AuNPs.\
^\[1\]^Measured in de-ionized water at 25°C. The concentration of the AuNP solution is controlled by 1 mM Au. ^\[2\]^The maximum values for AuNP 1 and AuNP 2 are obtained with different time intervals from 3 to 72 hr ([Supporting Information](#s1){ref-type="supplementary-material"}, [Fig. S4](#s1){ref-type="supplementary-material"}).](srep01997-f2){#f2}

![Time-dependent Au wt% in A549 cells treated with the AuNPs having designed Spacers I, II, II, IV and V, combinated with cationic (--CH~2~COOH, AuNP 1) and anionic (--C~5~H~4~N~5~, AuNP 2) surface-modification.](srep01997-f3){#f3}

![Depth profiles images of a cell obtained by two-photon microscopy (TPM).\
From top to bottom of cell, 10 μm depth is scanned. The size of each image is 50 μm × 50 μm. (a) The images of anionic AuNP 1, cationic AuNP 2, A549 cell and DOX-treated A549 cells are arranged. The top line is the color-scaled optical microscopy images. The second line images are obtained by the wavelength shorter than 540 nm, while the third lines are obtained by longer than 540 nm. Series of images obtained for AuNP 1 series (b) and AuNP 2 series (c). The images are obtained at the time of the highest Au wt% (from [Fig. 3](#f3){ref-type="fig"}). The top line is the color-scaled optical microscopy images. The second line is the images obtained by the wavelength shorter than 540 nm (i), while the third is obtained by longer than 540 nm (ii). The middle line is the combined images of the first and the third (i + ii).](srep01997-f4){#f4}

![(a) Au wt% at 10, 20 and 30 min obtained by EDXS. (b) Zone-plate X-ray nanoscopy images obtained at 30 min. The scale-bar is 5 μm.](srep01997-f5){#f5}

![(a) Fluorescence-activated cell sorting (FACS) results of PEG 5000-conjugated AuNP, free DOX and AuNP 1-V and 2-V. The results are obtained at 10 min, 30 min, 1 hr and 2 hr. (b) Dead cell ratio changes with time. Free DOX and PEG 5000-conjugated AuNPs are compared as controls. (c) Au wt% vs. dead cell ratio of AuNPs for spacers I, II, III, IV and V at 30 min, 1 hr and 2 hr.](srep01997-f6){#f6}

![*In-vivo* tumor xenografts in zebrafish embryos treated with (a) AuNP 1-V, (b) free DOX and (c) PBS control.](srep01997-f7){#f7}
